Both genetic and environmental interactions affect systemic lupus erythematosus (SLE) development and pathogenesis. One known genetic factor associated with lupus is a haplotype of the interferon regulatory factor 5 (IRF5) gene. Analysis of global gene expression microarray data using gene set enrichment analysis identified multiple interferon-and inflammation-related gene sets significantly overrepresented in cells with the risk haplotype. Pathway analysis using expressed genes from the significant gene sets impacted by the IRF5 risk haplotype confirmed significant correlation with the interferon pathway, Toll-like receptor pathway, and the B-cell receptor pathway. SLE patients with the IRF5 risk haplotype have a heightened interferon signature, even in an unstimulated state (P = 0.011), while patients with the IRF5 protective haplotype have a B cell interferon signature similar to that of controls. These results identify multiple genes in functionally significant pathways which are affected by IRF5 genotype. They also establish the IRF5 risk haplotype as a key determinant of not only the interferon response, but also other B-cell pathways involved in SLE.
Introduction
Systemic lupus erythematosus is a complex disease with multifactorial etiology and pathogenesis. Studies in identical twins indicate that concordance for lupus is approximately 40%, indicating a strong but not exclusive genetic component [1, 2] . Recent genetic analyses have identified more than thirty candidate genes that are associated with lupus risk [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . IRF5 was found to be associated with lupus by multiple independent groups in a variety of populations [10, 13-15, 19, 20] . IRF5 risk haplotypes may function at the crossroads of environmental risk, such as virus infection, and cellular immune responses. At least three polymorphisms of IRF5 have been identified that contribute independently to the risk for lupus, which together constitute the lupus risk haplotype [10, 21] . Although the majority of the polymorphisms that have been associated with lupus are in nontranslated regions, they may affect several facets of IRF5 activity, including splicing, RNA stability, transcription factor binding, and apoptosis [9, 10, 15, 21, 22] .
IRF5 is important in the production of and response to interferon alpha (IFNα), which is heightened in lupus. IFNα is produced by dendritic cells, macrophages, B cells, and other cell types, primarily in response to virus infection [23, 24] . Dendritic cells have been shown to produce IFNα in response to incubation with immune complex-containing 2 Journal of Biomedicine and Biotechnology sera from SLE patients [25] , especially patients that have the risk haplotype for IRF5 [19] . Additionally, serum interferon levels, as well as the interferon response signature, are increased in patients with the risk haplotype [19, 26] . IRF5 is an especially interesting candidate for a genetic risk factor in lupus because it acts in pathways that control many of the cellular and immune responses to environmental factors, such as infection, which may contribute to lupus.
One putative environmental agent that is strongly associated with risk for lupus is Epstein-Barr virus (EBV) infection. Lupus has been associated with prior EBV infection in both pediatric and adult populations [27] [28] [29] [30] [31] [32] [33] . EBV expresses antigens that are immunologically cross-reactive with significant lupus autoantigens such as Sm and nRNP [34] [35] [36] [37] [38] [39] . However, since over 95% of adults are infected with EBV, determining why EBV could contribute to lupus in certain individuals but not others has proven challenging. The identification of IRF5 and other genetic risk factors for lupus open the possibility that the lupus-associated genetic polymorphisms in one or more of these genes works in concert with environmental factors culminating in the increased observed risk for developing lupus. Previous work has shown that pediatric lupus patients have broadened, more cross-reactive humoral immune responses to EBV than controls [40] . EBV is also not as well controlled in lupus patients as it is in controls, with increased viral load and altered T-cell responses [41, 42] . Differences in viral infection or the response to viral infection conferred by genetic factors such as IRF5 polymorphisms may in part explain these observations.
Since B cells are the primary host cell for EBV infection, we used B cells and EBV interactions as a model to study the impact of IRF5 genotype on downstream B-cell responses. For this study, we examined differences in B-cell gene expression between naïve B cells from individuals with the IRF5 risk haplotype and those with the protective or neutral haplotypes at both basal levels and after exposure to EBV. Naïve B cells were chosen because they are the cell type in which EBV establishes latent infection [43] . We found multiple networks of genes that were enriched for differential expression, as well as individual gene expression differences. Most importantly, we identified different expression patterns of interferon response genes in lupus patients based on the IRF5 risk haplotype. Understanding these differences will aid in determining mechanisms through which the genetic risk conferred by the IRF5 risk haplotype is manifested.
Materials and Methods

Study Participants.
Genotypes were previously collected on samples obtained from the Oklahoma Rheumatic Disease Resource Cores Center (ORDRCC) at the Oklahoma Medical Research Foundation. Previously enrolled subjects were contacted for study participation based upon their IRF5 risk and protective haplotypes using genotypes at single nucleotide polymorphisms rs2004640 and rs10954213. Five IRF5 high-risk (3 controls, 2 patients) and five IRF5 nonrisk (2 controls, 3 patients) sex-and race-matched individuals were recruited. The study was approved by the institutional review board at OMRF and OUHSC, and informed consent was obtained from all subjects in the study.
B-Cell Stimulation.
Peripheral blood mononuclear cells were separated by density gradient centrifugation from the peripheral blood of volunteers. Naïve B cells were isolated using the MACS Naïve B Cell Isolation Kit II (Miltenyi Biotec Inc). Untouched naïve B cells were incubated at a 1 : 1 (v/v) ratio with either virus-free media or infectious EBV for 16 hours. Virus preparations were in the form of B95-8 cell culture supernatant. The same preparation of supernatant was used for all assays.
Gene Expression Profiling.
Total cellular mRNA was purified from lysates of infected and mock-infected cells using the Ambion RNaqueous-Micro Kit (Applied Biosystems, Austin, TX, USA) according to the manufacturer's protocol and quantified using a NanoDrop spectrophotometer (NanoDrop Technologies, Inc.). cRNA amplification and labeling with biotin were performed using the Illumina TotalPrep RNA amplification kit protocol (Ambion, Austin, TX, USA) on an aliquot of 200 ng of total RNA. Whole genome expression analysis was performed using the Illumina HumanRef-8 v.3 gene expression chip (24,526 transcripts) following the Illumina Whole-Genome Expression Protocol.
Statistical and Pathway Analysis.
The microarray data were analyzed using gene set enrichment analysis, and pathway analysis to investigate changes in gene networks. These analyses were followed by comparison of individual gene expression differences inside these networks. Raw expression data was first normalized using the MDAT toolbox [44] . Gene Set Enrichment Analysis software (Molecular Signatures Database) was used to determine whether an a priori functionally defined set of genes showed statistically significant, concordant differences between two phenotypes (IRF5 risk and nonrisk haplotypes) [45, 46] . Significant gene sets were identified by an enrichment score, which reflects the degree to which a gene set is overrepresented at the top or bottom of a ranked list of genes, and a false discovery rate (FDR) of <25%. We focused our subsequent pathway analysis on the subset of enriched genes (n = 368) from the statistically significant gene sets.
Pathway analyses were generated through the use of Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com/). A data set containing gene identifiers and corresponding expression values was uploaded into in the application. Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base. The expression values entered were the normalized log (intensity) values of IRF5 nonrisk and risk haplotype individuals, respectively.
Canonical pathways analysis identified the pathways from the Ingenuity Pathways Analysis library of canonical pathways that were most significant to the data set. The significance of the association between the data set and the canonical pathway was measured in two ways: (1) a ratio of the number of genes from the data set that map to the pathway divided by the total number of genes that map to the canonical pathway; (2) Fisher's exact test was used to calculate a P value determining the probability that the association between the genes in the dataset and the canonical pathway is explained by chance alone. All associations are supported by at least one reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Pathways Knowledge Base. Human and mouse orthologs of a gene are stored as separate objects in the Ingenuity Pathways Knowledge Base, but are represented as a single node in the network. Heat maps were created with previously mentioned expression values in Spotfire software.
Results
Enrichment of Lupus-Related Gene Sets by IRF5
Risk Haplotype. Using existing genotyping data for single-nucleotide polymorphism rs2004640 (T: risk, G: protective) and rs10954213 (A: risk, G: protective) [10, 11, 20, 21, 47 ] the frequency of the risk, protective, and neutral IRF5 haplotypes were examined in 1,390 SLE patients and 2,039 controls enrolled in a large cohort of European American female (EA) SLE patients from the Lupus Family Registry and Repository (LFRR: http://lupus.omrf.org/). A significant enrichment for the risk and risk-neutral haplotypes was found in lupus patients (P < 0.0001), as expected (Table 1) . Using these results, five individuals with the risk or risk-neutral haplotypes and five with the protective or protective-neutral haplotypes were recruited from the local SLE collections through the ORDRCC for further study. These included two SLE patients and three controls in the risk groups, and three SLE patients and two controls with protective and protective-neutral haplotypes. The risk group was enriched for controls so that the effects of the IRF5 haplotypes could be better studied in the absence of potential confounding genetic influences or factors related to lupus.
In all, 368 genes were found to be significantly (P < 0.05) differentially expressed between the risk and the nonrisk individuals. Gene set enrichment analysis was used to look for gene pathways overrepresented when comparing expression data from the risk haplotype and the protective haplotype phenotypic groups in the case or control groups separately. This analysis examines 6,769 a priori defined functional gene sets [46, 48] . In the unaffected controls with the risk haplotype, nine gene sets were enriched with a false discovery rate (FDR) <25% (Table 2) , and 19 were enriched with a nominal P value <0.01, but an FDR >25% (Supplemental Table 2 which available online at doi:10.1155/2011/594056). In the lupus patients with the risk haplotype five gene sets were enriched with an FDR <25%. However, four of these were different versions of interferonalpha gene sets. The fifth was the lupus-related interferon response signature (Table 2) . Seven gene sets were enriched with a nominal P value <0.01 but a FDR >25% in the SLE risk haplotype cells, including the Toll-like receptor (TLR) gene set (Supplemental Table 1 ).
Fewer gene sets were as highly enriched in the protective haplotype cells. No gene sets were significantly enriched at an FDR level <25% in either the unaffected controls or the lupus patients with the protective haplotype. However, 39 gene sets were enriched at P < 0.01 in the SLE patients with the protective haplotype, and 35 gene sets were enriched at P < 0.01 level in the controls with the protective haplotype (Supplemental Tables 3 and 4) .
Identification of Lupus-Related Pathways Differentially
Affected by IRF5 Haplotype. Genes from the enriched gene sets described above which also demonstrated differences in expression in the previous analysis were included in a global pathway analysis using the Ingenuity Pathway Analysis system. This analysis uses the curated Ingenuity Knowledge Base to associate sets of genes and expression data with established gene pathways. Fisher's exact test was used to quantify the degree of association with these pathways. When the cells with the risk haplotype (both stimulated and unstimulated) were compared to those with the nonrisk haplotypes, three canonical pathways were found with statistically significant (P < 0.01) association: the interferon ( Table 3 .
Identification of Individual Genes Differentially Expressed by IRF5
Haplotype. Several genes in the interferon pathway exhibited differential expression between either the risk and protective haplotypes or the EBV exposed and unexposed conditions. Genes with differential expression were selected based on inclusion in a significantly associated pathway, average expression values of at least thirty for one condition, and differential expression of at least 1.5-fold. Differential expression comparisons were done both with the unstimulated and the EBV-infected states (Table 3) . Several genes were differentially expressed in the interferon pathway, including interferon-induced transmembrane protein 1 (IFITIM1), signal transducer and activator of transcription 1 (STAT1), IFNα receptor 2 (IFNAR2), 2 -5 -oligoadenylate synthetase 1 (OAS1), and MX1. The expression patterns of these genes varied based on IRF5 haplotype and EBV infection status (Figure 1) .
IFITM1 was more strongly expressed in the risk cells than in the nonrisk in the unstimulated condition (2.1-fold difference). When the cells were exposed to EBV, this difference disappeared, a result of a greater increase in expression (4.8-fold) in the nonrisk cells than the risk (2.8-fold). STAT1 was slightly underexpressed in the risk cells than in the nonrisk prior to EBV exposure (1.3-fold), but after EBV exposure it was more highly expressed in the risk cells (1.3-fold). IFNAR2 acted in the opposite manner; its expression was higher in the risk cells in the unstimulated condition (1.7-fold), but higher in the nonrisk cells after EBV infection (1.3-fold). IFNAR2 is an interferon receptor that contributes directly to the response to interferon, making this gene very interesting in the context of interferon regulation and responsiveness. OAS1 was overexpressed in the risk cells compared to the nonrisk cells in both the unstimulated and EBV-exposed conditions (1.5-fold and 2.2-fold, resp.), as was MX1 (1.6-and 1.8-fold). The TLR pathway also contained several genes that were differentially expressed between the risk and protective haplotype-containing cells (Figure 2 ). Fos and myeloid differentiation primary response gene 88 (MyD88) are both under expressed in the unstimulated risk cells compared to the nonrisk (2.2-and 1.8-fold, resp.). Both of these genes switch from being downregulated in the risk cells before EBV exposure to upregulated in the risk cells after EBV exposure (1.3-and 1.2-fold, resp.). Another very interesting gene that was differentially expressed in the TLR pathway is tumor necrosis factor α-induced protein 3 (TNFAIP3). It is under expressed by 1.3-fold in the risk cells in the resting condition. After EBV exposure, expression is even more unbalanced, with 1.9-fold under expression in the risk cells.
Genes of interest that are overexpressed in the risk cells in the TLR pathway without EBV exposure include CD14 (3.2-fold), lymphocyte antigen 96 (LY96, or MD-2) (2.3-fold), and TLR1 (1.7-fold).
The B-cell receptor (BCR) pathway exhibited differences in gene expression due to the IRF5 risk haplotype (Figure 3 ).
CD79A and CD79B, which together form part of the BCR, were both downregulated 2.2-fold in the uninfected risk cells, but this difference disappeared after EBV infection. Ras-related C3 botulinum toxin substrate 1 (RAC1), a gene involved in lymphocyte differentiation and survival [49] , was overexpressed in risk cells under all conditions (1.5-fold in mock infected cells, 1.7-fold in EBV infected cells). Expression of the signaling protein AKT1 and the transcription factor NFκB2 were downregulated in EBV infected cells with the IRF5 risk haplotype (1.9-and 3.4-fold, resp.). In three other genes, phosphatidylinositol 3 kinase catalytic subunit α (PIK3CA), nuclear factor of activated T cells 5 (NFAT5), and glycogen synthase kinase 3β (GSK3B), the risk haplotype had Figure 1 : Association of the canonical interferon pathway with the IRF5 haplotype. Naïve B cells were either exposed to EBV for 16 hours or left unstimulated. Whole-genome expression levels were compared between cells with the risk and protective haplotypes using the Illumina platform. Significant association of the data set with the canonical IFN pathway was discovered using Ingenuity Pathway Analysis (P < 0.01). Interactions between genes in the interferon pathway based on Ingenuity Pathway Analysis are shown for both the unstimulated (a) and the EBV-infected conditions (b). Blue gene symbols represent genes with relatively lower expression in the cells with the risk haplotype, while genes with red shading are upregulated in the risk cells. IFIT3: IFN-induced protein with tetratricopeptide repeats 3, SOCS: suppressor of cytokine signaling. a 1.5-to 1.8-fold increase in expression. However, when EBV was present, the risk haplotype showed a decrease of 1.6-to 1.9-fold of the same genes.
The Interferon Response Signature in Patients Depends
on Haplotype. Lupus patients have a heightened interferon response signature in the peripheral blood [50] [51] [52] . This signature is heritable and is associated with the IRF5 risk haplotype [19, 26] . When we examined genes included in the interferon response signature, we found an interesting association with the IRF5 risk haplotype. Cells from the SLE patients with the risk haplotype had an interferon response signature under all conditions, whether exposed to EBV or not. However, the cells from SLE patients with the protective haplotype did not exhibit an interferon signature without EBV infection. The difference in expression of the interferon response genes between the unstimulated patient risk and the unstimulated patient protective cells was statistically significant (P = 0.011) (Figure 4) . The risk haplotype cells derived from control individuals did not have heightened baseline expression of interferon response genes. After exposure to EBV, these cells developed an interferon response signature that was similar to that seen in the baseline and EBV-infected risk-haplotype lupus patients.
Interestingly, the patients with the protective haplotype did not develop a strong interferon response signature even after exposure to EBV, indicating that the IRF5 protective haplotype is dampening the response to interferon compared to the risk haplotype (Figure 4 ).
Discussion
The IRF5 gene has been associated with risk for lupus. These findings demonstrate that the lupus-associated polymorphisms in the IRF5 gene have wide-reaching effects on B-cell responses to infection. The gene sets that were enriched in the risk haplotypes included interferon-related sets, which is encouraging considering that the genotype being examined is IRF5. Multiple gene sets that are related to lupus were enriched in the cells with the risk haplotypes, including IFNα sets, interleukin-(IL-) 6, inflammation, proliferation, and monocyte and dendritic cell genes, in addition to the SLE-related interferon gene set. The finding that these gene sets are the most strongly enriched in the risk haplotype indicates that the IRF5 risk haplotype has a strong influence on interferon signaling and inflammation, processes that are at the core of SLE. The finding that the most enriched gene sets were associated with interferon and lupus also indicates that these results are unlikely to be false positives obtained by chance, since the variable being studied is an interferonaffecting gene.
The gene set enrichment analysis techniques that were used are valuable because they identify not only individual genes, but also how strongly pathways that include those genes and the interactions between them are affected by the experimental conditions. This allows a much broader look into gene networks than looking only at individual genes. These studies point to the IRF5 risk haplotype having a wide influence on interferon and inflammation. The results identify targets for future investigation into the function of the IRF5 polymorphisms as well as other genetic influences on lupus.
As was the case with the gene set enrichment analysis, the identification of the interferon and Toll-like receptor pathways through Illumina pathway analysis suggests that the results are robust, as these are pathways that would be expected to be modulated by the underlying IRF5 haplotype of the donor. Interferon alpha is an extremely important cytokine in lupus [53] . These studies suggest that the interferon alpha pathway is strongly affected by genetic variation in the IRF5 gene, and show multiple genes that could potentially be targets for understanding interferon in lupus or potential therapeutic targets. Toll-like receptors are involved in response to infection through the recognition of pathogen-associated molecular patterns. Additionally, Tolllike receptors are important in the pathogenesis of lupus. They are capable of recognizing endogenous nucleic acids in the context of immune complexes found in lupus patient sera, thereby stimulating dendritic cell maturation and interferon alpha production [25, [54] [55] [56] [57] [58] [59] [60] , a process which also involves IRF5 itself [25] . IRF5 is a very interesting transcriptional regulator in that it acts as both an activator when homodimerized and blocks activation when heterodimerized with IRF7 [61, 62] . This mechanism of action may help to explain how some of these pathways can exhibit relative upregulation or downregulation depending on the other conditions in the cell.
One of the more unexpected findings of this study was the modulation of the B-cell receptor pathway by the IRF5 haplotype. involved in lupus, as well as being important for antigen processing and presentation and T-cell activation. Differences in the activation threshold or other effects that may be seen with altered B-cell receptor gene expression may be very important to breaking self-tolerance or other aspects of B cell biology involved in SLE. Of particular interest in this respect is the recent finding that IRF5 controls antibody class switching to IgG2A, allowing lupus-like autoimmunity in mice [63] . The B-cell receptor and Toll-like receptor pathways are involved in antibody class switching, and the genes that were modulated by IRF5 variation in this study could represent mechanisms through which the IRF5 risk haplotype may contribute to class switching or other similar variations in humans.
The interferon response signature has been identified as a common feature in lupus. These studies examined how polymorphisms in the IRF5 gene affected the interferon response signature in both patients and controls. Interestingly, SLE patients with the risk haplotype demonstrated an interferon signature in both the infected and uninfected cells, while a strong interferon response was not found in the patients without the risk haplotype even when stimulated by EBV exposure. The controls with the risk haplotype lacked the interferon response signature in the basal state, but developed it after exposure to EBV, as would be expected. These findings suggest that the IRF5 risk haplotype is integral for the interferon response signature in both patients and controls. They also indicate that other factors contribute to a basal interferon response in lupus patients, since the IRF5 risk haplotype was not sufficient for the response signature to be present in the unstimulated control cells, as it was in the patients with the risk haplotype.
Cells were infected with EBV for two reasons. The first was to identify differences in gene expression patterns when cells were stimulated with a biologically relevant trigger for interferon production. The second reason was to identify areas that may start to explain the differences in EBV infection and response in lupus. Gene expression was examined for genes in the three pathways found to be significant by ingenuity analysis. In several cases, (IFITM1, IFNAR2, LY96, PIK3CA, NFAT5, and GSK3B) the baseline level of gene expression was higher in the risk cells, but after EBV infection, the gene expression was comparatively increased in the protective cells. In other genes, including CD79A, CD79B, STAT1, MyD88, and Fos, expression was lower in the risk cells but the difference diminished or reversed after EBV infection. Expression of one gene, TNFAIP3, was lower in the risk than in the protective haplotype subject unstimulated cells and was comparatively diminished further after EBV infection. These differences suggest several areas of investigation to understand differences in B cell biology in lupus and show that the IRF5 haplotype affects multiple genes related to EBV infection and response.
Although a detailed analysis of each gene involved in these pathways is beyond the scope of this paper, the genes with expression differences between the risk and protective haplotypes are suggestive in several instances. One of the genes identified with promise to affect lupus is TNFAIP3. This gene is a transcription factor that is produced in response to inflammation. It has been shown to be critical to limiting inflammation by terminating NFκB responses [64] .Variants have recently been associated with risk for lupus and other autoimmune and inflammatory diseases [65] [66] [67] [68] [69] [70] [71] , and it is often suppressed in tumors, especially lymphomas [66, 72, 73] which are all involved in the response to interferon, and several B cell signaling genes, including NFAT5, GSK3B, and NFκB2.
Although EBV was used in part to simulate an infected state in B cells, EBV itself could be involved in the etiology of lupus by affecting several pathways. The three pathways identified here are all involved in EBV infection. EBV may stimulate these pathways through several mechanisms, including both infection and binding of virions to the receptors involved in these pathways. Although the effect of EBV infection on differential gene expression was somewhat variable, for many of the genes examined in this study there was overexpression in the risk cells, which subsequently diminished after EBV infection. This pattern, as well as that seen with the interferon response signature, suggests that the IRF5 risk haplotype makes these cells appear more activated in the resting state. Because of this heightened activation state, there is less difference in the response to EBV infection in the risk cells, with the nonrisk cells often catching up to or passing the risk cells in expression of several genes following viral infection. An activated basal state would be likely to promote inappropriate cellular responses and possibly heightened sensitivity to self-antigens, including those recognized by TLRs.
These findings identify several key pathways that are affected by the IRF5 risk haplotype and are involved in the B cell response to antigen stimulation and viral infection. Many of the genes involved in these pathways have definite potential to alter the response to EBV infection and affect the development of lupus. These merit further investigation. Since all of these pathways are likely to be involved in the development of lupus, further comparison of these pathways in other cell types such as plasmacytoid dendritic cells will be beneficial to understanding the origins and pathogenesis of lupus. It will also be beneficial to examine more closely the role of EBV in regulating expression of these genes, through the use of EBV mutants, and to dissect the role of IRF5 in each pathway and gene set identified.
